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To grow high quality crystals, to understand the mechanism of the 
crystal growth is very important. In inorganic crystal growth, a forced flow 
has been applied to the solution to have a homogeneous concentration 
distribution over the crystal surface. On the other hand, application of forced 
solution flow to the crystal or even natural convection in the solution have 
been regarded as to have negative effect to get better quality crystals. This is 
because in protein crystal growth, impurities with larger size than protein 
molecules could be incorporated to the crystal with the help of a solution flow. 
For this reason, flows during growth of proteins are subjected to be 
controlled. This might be the big difference from crystal growth of inorganic 
ones.  
In this way, the crystal growth method to get a high quality crystal 
of inorganic and a protein crystal will have two extremely different views 
with respect to the presence of a flow. Therefore the concentration 
distribution around a crystal in convective and convection-free conditions 
needs to be analyzed in more details in relation to the growth rate, surface 
morphology, quality of crystals and the growth mechanism. 
When the crystal is growing in a supersaturating solution, the 
solute concentration is decreasing towards the crystal/ solution interface 
because the crystal consumes solute in the solution as it grows. Due to this 
large vertical concentration gradient, buoyancy driven solutal convection 
develops. As a result, the distribution of concentration around the crystal 
become complicated compared to the case when there is no convection. 
It has been reported in the past that the flow of solution due to the 
convection disturbs the concentration field around the crystal surface. Chen 
et al. (1979) reported that a convection plum arose from the crystal surface 
and thus concentration field was complicated than they expected. The 
existence of the unstable flow of solution in such convection also affects the 
stability of the crystal surface. Onuma et al.(1989) reported that the drop of 
the supersaturation at the root the convection plum occurred forming 
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depression of the surface at the middle of the face. This depression gave rise 
to the incorporation of defects and inclusions to the crystals. This leads to 
“hopper” crystal surface, though as discussed later, this surface is different 
from the hopper surface formed due to the concentration gradient along the 
surface with Berg effect.  
Thus, not only concentration gradient but also the flow and 
convection of the solution influences the state of the crystal surface. So that 
visualizing the whole concentration field of a crystal interface including 
convection is required.
There have been many reports concerning the measurement of the 
concentration field, but many of them were two-dimensional (2-D) 
observations, namely, the objects were observed only from one direction. The 
information obtained by the 2-D observations is integrated in average along 
the direction of the observation, so the local information, e.g., concentration 
distribution around the crystal-liquid interface, was not obtained.  
To improve the disadvantage on the 2-D observation, a method of 
computer tomography (CT) has been adopted in this study. By using the CT 
method, we can reconstruct the information of the three-dimensional (3-D) 
concentration field around the growing crystal based on 2-D observations 
obtained from several directions (3-D observation).  
In this study, 3-D measurement of the concentration field with 
convection and without convection around inorganic and protein crystals was 
carried out to reveal the concentration distribution over the crystal surfaces.  
Normal growth rate of the face from points to points are also measured to 
discuss the effect of concentration distribution on the surface.   
 
This thesis consists of the following six parts.
Chapter 1 
We review about the previous work of the observation of the 
concentration field. The relationship between the growth mechanism and the 
concentration field and the influence of the convection and disturbed 
concentration field on the crystal surface are explained. Next, the 
importance the 3-D observation of the concentration field at the crystal 
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surface is described and the observation technique that measures the 
concentration field around the growing crystal in the solution are explained.. 
Chapter 2 
 We developed Schlieren microscope using white light as the first 
stage to observe the 3-D concentration field at the vicinity of crystal-liquid 
interface. Schlieren optics can visualize a gradient of refractive index in the 
sample, which is caused by a change of concentration in solution, as a 
contrast of light and shade on the screen. We observed the concentration 
field around sodium chlorate crystal in the solution from four view angles by 
Schlieren microscope and reconstructed concentration field on the top of the 
crystal surface using the tomography. We obtained the concentration 
distribution very close (50 µm) to the growing crystal, however, we found that 
it is difficult to measure the concentration field quantitatively in such high 
magnification by using Schlieren microscope. 
Chapter 3 
 We developed multi-directional 3-D microscopic Mach-Zehnder 
interferometer (MDI) to measure quantitatively much smaller concentration 
difference that Schlieren microscope using a white light cannot detect. We 
observed 3-D concentration distribution by using the MDI same as Schlieren 
microscope. The reconstructed image showed high resolution comparing with 
that obtained by Schlieren observation, especially, high concentration region. 
From these results, we concluded that 3-D observations by using MDI can 
provide us the quantitative information of concentration field around a 
growing crystal with higher magnification and more improved sensitivity 
than Schlieren microscopy using a white light. 
Chapter 4 
 We developed a cylindrical cell to improve the resolution of the 
tomography so that we can observe crystal growth from more directions. The 
resolution of the tomography depends on the number of the view angles. We 
used the cylindrical cell for the cell to increase the number of the view angles. 
But we cannot use the cylindrical cell alone because the cylindrical cell 
refracts lights like a lens. To compensate the refraction of the laser beam, we 
used a refractive index matching method using inner and outer cells. 
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Refractive index matching is the method which enables to eliminate the 
influence of refraction on the cell surface. The space between the two cells is 
filled up with refractive matching liquid whose refractive index is adjusted 
as close as that of the inner cylindrical cell. Using this method, we could 
observe the concentration fields from unlimited number of directions that 
had been restricted only for 4 angles in past studies. We successfully 
reconstructed the concentration filed over a sodium chlorate crystal from 8 
view directions and found the improvement of spatial resolution. However 
we have to bear in mind that much more time is needed not only for the 
observation but also for the reconstruction.  
Chapter 5 
For the application of the 3-D observation by using MDI, we 
measured the concentration distribution around a lysozyme crystal, which is 
one of standard protein crystals as has often been used as a reference. Since 
the change of refractive index of the solution due to the change of the 
concentration is much smaller than that of inorganic crystals, Schlieren 
optics was not enough to detect the change clearly at the surface. The 3-D 
reconstruction of the concentration field around a lysozyme crystal was 
therefore performed for the first time using interferometry (MDI). After the 
measurement of the 2D distribution of supersaturation on the surface of the 
crystal, we measured the surface topography to measure the growth rate of 
the (110) surface. This topographic measurement of the face was performed 
by Confocal Phase-Shift Interferometer (CPSI) that detect the 2D height 
profile with the accuracy of <1nm.  The central region of the crystal shows 
the lowest supersaturation σ = 0.881 and the edge of the crystal shows the 
highest supersaturation σ = 1.074 close to the surface (~25u) when the 
crystal grows in normal convection condition at the bulk supersaturation σ = 
1.4. The value of the supersaturation decreased due to the solutal buoyancy 
driven convection over the surface by about 18% at the central part of the 
crystal compared to the value at the edges of the faces. The growth rate was 
measured not to be uniform at each points of the (110) surface. The central 
region and the edge of the crystal respectively shows the lowest growth rate 
(0.60 nm/s) and highest growth rate 1.32 nm/s. This results in 220% of the 
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growth rate reduction at the middle of the face and could be a good reason 
why the crystal face would lose stability forming a hopper crystal surface as 
it grows. Hopper crystals are known to possess many inclusions and defects 
in the crystals. 
Chapter 6 
The stability of solution grown crystal face is known to influence the 
quality of crystals largely because defects or inclusions those reducing 
quality of crystals are mainly formed at the growing crystal surface. Since 
the instability of the crystals face appears due to the large difference of 
surface supersaturation between the center and the edge of the crystal faces, 
convection-free conditions like in gel or under zero-gravity has been 
speculated to be more favorable for the instability of the crystal face. Yet 
there have been many opposite examples in which better crystals could be 
grown in convection-free microgravity in space or in gel etc. We therefore 
aimed to clarify these different growth conditions, so that we understand 
why better crystals cloud be obtained from the point of concentration 
destitution of protein molecules around the crystal. There have been some 
reports about the convections formed around aqueous solution grown 
crystals but few reports discussed why the convections yield the reduction of 
crystal quality. On the other hand, forced flows or convection have been used 
to grow large and good quality crystals. This is known in flux-growth, 
hydrothermal growth and aqueous solution growth.   We therefore 
compared this concept with the real supersaturation measurements from 
convective and convection-free condition, the latter of which was obtained 
from the growth experiment in the International Space Station in 2012. In 
the past studies, the surface supersaturation difference along the surface of 
the growing crystal has been supposed to be decreased under the influence of 
flows caused from convection or stirring the solution. However, the result of 
the crystal surface concentration measurement under gravity yielded large 
difference (about 18%) of the supersaturation between the central and the 
edge, mainly because of the convection plum of solutal convection. As a result, 
almost twice as large growth rate arises at the edges of the (110) surface as 
compared with the rate at the middle of the face, and thus flat crystal face 
 VI 
cannot be maintained, leading to the instability of the face. In microgravity, 
convection is suppressed and the supersaturation gradient along the surface 
was expected larger. However the supersaturation difference was for the 
first time measured to be very small (only about 2.4%) compared with that of 
under gravity. This is unexpected result and could be a good reason why flat 
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Fig. 1-1 Schematic image of Berg effect: the supersaturation at the corner is 
larger than that at the middle. The edge of the crystal at higher 
supersaturation grows quickly compared with the central region at lower 
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Fig. 1-2 Schematic image of a convection plume over a crystal surface and 
the shape of the section at the root of the plume, which is resembled to the 
shape of the depression of the crystal surface (right in the figure). The form 
of the cross section of the convection plume is not a concentric circle and 
accordingly the shape of the depression is also distorted toward the corners 
of region on the crystal surface. The surface topograph can be compared to 
the shape when Berg effect plays a role (see Fig.1-3). The crystal surface 












Fig. 1-3 Schematic image of the concentration gradient expected from Berg 
effect and the possible hopper surface. The depressed region is not elongated 















Fig. 1-4 Principle of Schlieren optics. The undisturbed light is partially 
blocked by a knife edge. The light that is deflected toward or away from the 
knife edge produces a shadow pattern depending upon whether it was 











Fig. 1-5 Principle of Michelson interferometer. Michelson interferometer 
creates interference fringes from combining two light beams from the sample 
and mirror. Interferograms can visualize the height distribution of the 
sample surface so that Michelson interferometer is often used for the growth 












Fig. 1-6 Principle of the Mach-Zehnder interferometer. If there is a sample 
on the light path, the optical path length of the sample light path changes 
and interference fringes appear. Mach-Zehnder interferometer is penetrate 
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 ŕĻmg p(s;θ)Gǌǋ7Ɉť f(r, φ)MƝCIɎ58 Algebraic 
Reconstruction Technique (ART)Ơ(Srivastava et al., 2005)ɥConvolution 
ǣǡ Ɯƭƥ17ǱųŏɅ2ƮĴą7Ɉ¯ 
 20 
Back Projection (CBP)Ơ(Srivastava et al., 2005)ExUĉšƠ(Herman, 
1995)Ǥƍ4ȑƁœƠIɦżǒǞ18ȑƁ5 CBP ƠMǁ0Iɦ
5 CBPƠ7ÞƾMǖ&(Verma, 2008)ɦ 
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Fig. 1-7 A schematic image of one-directional optical observation. Image 
from this optical has only integrated information along a direction of 












Fig. 1-8 Principle of the transmission tomography. S is the light source, D is 
the detector (camera), s is the vertical distance from the center of the sample 
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Fig. 2-1 Schlieren image from the laser Schlieren microscope. The speckle 
noise decreases the contract and sharpness of the image and thus the 
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 ģȪɐ106.44 g / mol 
 ĨƤɐƝǩǝšɍǍȏšǖ 
 ĈĢɋìɌɐ2.49 g / cm3 
 ǬƜɐ248 
 ƋƜɐ>300ɋ¼ǹɌ 




Ce =112.07 + 0.89 T − 40( )  (g/100mlH2O)   (2.6) 
  






ǆǝš.ȊǗƇ 20 ml,Ċ'öǘȧdbyHr 19 gBĄ²,ƙǹ'
ľ"öǘȧdbyHrƇƙƒɋƛĢ 0.950 g/mlH2OɍĞǮƕĢ 20.8 ɌB



































Fig. 2-2 Principle of single lens Schlieren optics. To use a high magnification 
objective lens, spreading light beam is applied. When spreading light beam is 
inserted into the objective lens, the focal point is further than previous one. 
If the focus is far away from the objective lens, a knife edge can be placed at 













Fig. 2-3 Schematic view of Schlieren microscope. (a) A light source and a 
pinhole, (b) ND filter, (c) relay lens, (d) mirror, (e) growth chamber, (f) an 











Fig. 2-4 The whole view of the schlieren microscope. The labels in the picture 








































Fig. 2-7 Schematic view of the crystal stage and the growth cell. A seed 











Fig. 2-8 Schematic view of the crystal growth chamber: (a) side view and (b) 
top view. (i) Crystal growth cell, (ii) heat conduction sheet, (iii) cell holder, 















Fig. 2-9 The whole view of crystal growth chamber: (a) side view and (b) top 











































































Fig. 2-11 Schlieren image of the concentration filed around a sodium chlorate 














Fig. 2-12 Integrated concentration contour from a white-light Schlieren 










Fig. 2-13 Reconstructed supersaturateion profile on the top surface of the 
sodium chlorate crystal from white-light Schlieren image. The red square is 
the shape of the crystal. The blue area is the region of low supersaturation 
and the green area is region of high supersaturation. (a) 100µm, (b) 360µm 






























































































Fig. 2-14 Schlieren images by (a) laser Schlieren microscopy and (b) 
white-light Schlieren microscopy. The image is improved after the light 













Fig. 2-15 Reconstructed supersaturateion profile on the top surface of the 
sodium chlorate crystal from (a) laser Schlieren image and (b) white-light 
Schlieren image. The red square is the shape of the crystal. The 
reconstructed profile from the white-light Schlieren image can draw the 
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 !! ! = ! + !"#$ !(!)      (3.1) 
 
 !! ! = ! + !"#$ ! ! + !/2     (3.2) 
 
 !! ! = ! + !"#$ ! ! + !     (3.3) 
 
 !! ! = ! + !"#$ ! ! + 3!/2     (3.4) 
 
 - aɞb4Ïơ³.Ȋœ³3ģĞCƇ;EāŐɞ(x)4³3Ƹ-Eɟ 
 FC3ğIȫǌ,Ƹ(x)1*,Ȅ. 
 
 ! ! = !"#$!% !!!!!!!!!!     (3.5) 
 
 .0EɟĮCF&Ƹ3¾ėCMantani et al.,(1991)1BE3ğIƬ
,ƛĞ3¾ė C(x,y)ȇǑ-Eɟ 
 
 ! !,! = !! !!!" Δ!(!,!)
!"
!" !



















Fig. 3-1 The Mach-Zehnder interferometer with an object lens outside of the 













Fig. 3-2 The Mach-Zehnder interferometer (Linnik type) with object lenses 












Fig. 3-3 Schematic drawing of the Mach-Zehnder microscope. (a) Light 
source (He-Ne laser), (b) pinhole, (c) collimator lens, (d) mirror, (e) beam 
splitter 1, (f) crystal growth chamber, (g) objective lenses, (h) beam splitter 2, 
(i) imaging lens and (j) CCD camera. 1ɠSample light path and  












Fig. 3-4 The whole view of the Mach-Zehnder microscope. The signs in the 
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Fig. 3-5 Interferograms of the concentration field around sodium chlorate 
crystal from four directions by the Mach-Zehnder microscope. The crystal 












Fig. 3-6 Phase wrapped interferometric images just above the crystal surface 













Fig. 3-7 Integrated concentration contour from the Mach-Zehnder 












Fig. 3-8 Reconstructed supersaturateion profile on the top surface of the 
sodium chlorate crystal from the Mach-Zehnder interferograms. The degree 
of supersaturation becomes high as it turns on red from blue. (a)100µm and 













Fig. 3-9 Schematic view of 3-D concentration distribution around a sodium 






































































































Fig. 3-10 Reconstructed supersaturateion profile on the top surface of the 
sodium chlorate crystal from (a) white-light Schlieren image and (b) 
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 akCmzKûŅ#ȧ.Ɣ@?Ś:ȹãž-ž0 cos(kθ)=cos(Nθ / 2)*






































































































Fig. 4-1 Image of the refracted light beam, which passes through the 
cylindrical cell. A straight parallel light beam can not enter into a sample 














Fig. 4-2 A raw interferogram of a sodium chlorate solution with the 















Fig. 4-3 Interferogram of the concentration field around the sodium chlorate 
crystal in a cylindrical cell without refractive index matching. Fringes due to 




























































































Fig. 4-4 Schematic image in a refractive index matching cell. In order to 
eliminate the influence of refraction on the cell surface and to make laser 
beam go straight on, the circumference of the cylindrical cell was filled up 
with a matching liquid whose refractive index is close to that of the 
cylindrical cell. Since change of the refractive index is suppressed between 












Fig. 4-5 Calculated optical path of the cylindrical cell. The values of 
refractive indices of (i–iii) are nc = 1.457, ns = 1.391, and nm = 1.455, 











Table 1 The calculation of the angle of refraction of the optical light path 
which passes through a cylinder cell. The optical path refracts 0.3° from the 





































































Fig. 4-10 Whole view of the refractive index matching cell. Cylindrical cell 

























































 Chen et al.(2002).<?ƈǬĞ C/Ǯƿğ 
 




 ! = !!!!!!        (4.4) 
 
 =Ǯƿ@?ȐȷäĞ0 σ = 0.0408 ± 0.0011*?ȽCe0ȷäƊĞȼT0
ŇŸƆĞ*?Ƚ7#ȼ/+/źƈƂ/ĒĹƓ0 ns=1.391*?ȽĒĹƓ
/Ǯƿ0 Bedarida et al.(1990)<>ȼ/ǮƿğCĠƘ#Ƚ 
 
 !! = 1.32415+ 0.00136!!     (4.5) 
 
 * Cm0õǊșfdzIt/ǾȜ%ƊĞ*?Ƚ  






























Fig. 4-12 Optical light path of the interferometer with the refractive index 
matching cell. A compensator with a same optical path as the sample was 
installed in the optical path for the reference to compensate for any 
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 ! = !"       (4.6) 
 
 * D 0ļŋ¦Ō*>õǊșfdzIt/ôÞȼ! ≈ 10!! m2/s *?







































Fig. 4-13 Inteferograms from (a)the raw cylindrical cell and (b)the cylindrical 

















Fig. 4-14 Inteferograms of the concentration field around the sodium 
chlorate crystal (a)the cylindrical cell in the raw and (b)the cylindrical cell 
with refractive index matching. On Fig.(b), interferometirc fringes at the 

















Fig. 4-15 The interferograms around a sodium chlorate crystal growing in a 
supersaturated aqueous solution. Recording of the images began 400 s after 















Fig. 4-16 Two dimensional integrated concentration distribution from the 














Fig. 4-17 Reconstructed concentration profile. Red solid line expresses the 
shape of the crystal. Note the decrease of supersaturation by >44 % at the 


































































(a).ŷ4) Fig. 4-20 (b)0ƛ³ȖŒá.'ȼȖŒá.'ƊĞ/ȴò
2)?ůāƭǴ*ȼƊĞô/ǥȬ-ģƐCŃÂ?+.ĵÍ)
?Ƚ 
 ÅǬǘ/ĈȜƣ-ŷȅ.')ȼCrowther et al.(1970)=ȼdvPymG/
ƷȡÅǬǘ d0ǪČŒáŌCmȼčǼ/ƥĦC R+?+ 
 





 *Ǡ@ȼŞƫƶ/ǲȸò R= 900 µm*Ǯƿ?+·Ǟƫƶ*ýƘ=@
)?ƊĞô/ųµƇĈ/ǪČŒáŌ 4 /ôÞ*ÅǬǘ0 d=706 µmȼŞƫ
ƶ*Ǟ&#ǪČŒáŌ 8/ôÞ0 d=353 µm+->ȼȐÖ/ƫƶ.č)ÁŮ
ǃ#ƊĞô/ƷȡÅǬǘ 2ªá?Ƚ 




 Fig. 4-21. Fig. 4-20(a)ȼ(b)!@"@.) 0°Œá=ǎŗCǨ#ôÞ.
ǎŗãȆ.Ɨ)?ƊĞô/Űğì+ǎŗīCűÆ?ƥǑ*/ƊĞn}
mEH{CƮȽ 


































Fig. 4-18 Interferogram of the sodium chlorate solution with the silicone oil 
















Fig. 4-19 A bad case of interferograms of the concentration field around a 
sodium chlorate crystal with wrong refractive index matching. In this case, 
the uniformity of refractive index far from the crystal is not be kept constant, 















Fig. 4-20 Comparison of the reconstructions, reconstructed from (a) 4 view 
angles and (b) 8 view angles. These crystals are not the same but growing at 
bulk supersaturation0.04. Red solid line expresses the shape of the 













Fig. 4-21 Schematic summary of experimental results. The red lines 
represent equal-concentration in the solution. (a) Large reduction of 
supersaturation at the middle of the face due to buoyancy driven convection. 
(b) Quasi-microgravity condition due to the suppress of the convection using 
upside-down geometry. Note the reduction of supersaturation at the middle 
of the face is much smaller that the case of (a), which might enhance the 
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(5.2)ď<ƃB 2π/3ǩǭ'ÊĚ Ǯ.Čţ«ĒĎ¶Ċ/.;+*>Ȅ 
 




 !! !,! = !! !,! × 1+ !! !,! cos ! !,!    (5.4) 
 !! !,! = !! !,! × 1+ !! !,! cos ! !,! + 2! 3   (5.5) 

























R x,y( ) =
Δz x,y( )
Δt













 ƃRh_Čţ§.ÊĚ/ CPSIBŸ& 30Ɗ+|ňƠļƳǶ.ČţƥŹ§














Fig. 5-1 Schematic view of the cross section of growth cell. Seed crystal is put 
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Fig. 5-3 The interferograms around a lysozyme crystal growing in a 












Fig. 5-4 Two dimensional contours of path-integrated supersaturation field 













Fig. 5-5 Reconstructed supersaturation plofiles above the lysozyme crystal 
(110) surface.(a) 250 µm and (b) 25 µm from the ctystal surface. Polygons 
with red lines represent the shape of the crystal. The numbers in the figure 












Fig. 5-6 Surface topograph of (110) surface of a lysozyme crystal. Polygons 











Fig. 5-7 Reconstructed supersaturation profile with surface topograph. 
Distributions of surface unevenness, growth rate, supersaturation were 
measured on the line (I)-(III). The growth rates of each point are; (a) 0.67 
nm/s, (b) 0.86 nm/s, (c) 1.08 nm/s, (d) 0.85 nm/s, (e) 0.60 nm/s, (f) 1.00 nm/s, 
(g) 1.32 nm/s, (h) 1.09 nm/s, (i) 0.87 nm/s, (j) 0.67 nm/s, (k) 0.79 nm/s, (l) 0.67 













Fig. 5-8(a) Distributions of surface geometry, growth rate and 













Fig. 5-8(b) Distributions of surface geometry, growth rate and 













Fig. 5-8(c) Distributions of surface geometry, growth rate and 
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Fig. 5-9 Normalized supersaturation vs Growth rate. Blue diamond symbols 
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6-2. ƌȘÆĈȸ2b\2ǦŤ  
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-č´Dɀ2012








[^vƱǄŕ3 Iimura et al. (2005) GÑǐ1 2.5 %R~\~J~bldɀ
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ƂǨ2ĚƂšAɀȩBÙǌÛ÷2ȡ13! 2! = 198.51 nmȾ3ƅć³
2Żȟɂ532.8 nmɀn 3ŷƇƀ2đĻƑɂ1.34ȿ-CAɀǌ2ȡȧ.Ⱥ
Aķȟ2­. tanǨƹ-C(Fig. 6-6)Ɂ 
 Chernov (1984)@BɀŷěŎÝ2Wa_pÅȌȋğ V.(110)Ȯ2źǉŎÝ2
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 ! = ln !/!!       (6.3) 
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 ŠƵ-3j~Q2ȏȶâğƷƵ.89Û =1.36 2ƅćb\GǦŤ
















Fig. 6-1 Crystal growth cell for micro gravity experiment in ISS. The growth 













Fig. 6-2 The crystal growth cell and cell stage. The crystal growth cell is 
sandwiched between the copper blocks. The copper blocks are hold on the cell 












Fig. 6-3 Experiment sequence. The vertical axis is the temperature of the cell 
and the horizontal axis is duration of the experimental period. The red line 
shows the change of temperature. During the first week, all crystals except 
for the seed crystal were dissolved for preparation of measurement by 
increasing the cell temperature. Next one week, the temperature was 
decreased to have the seed crystal grow to obtain molecularly flat surface. 












Fig. 6-4 Reference glasses and lysozyme crystal in the cell: (a)Bright field 
image, (b)Interfergram Different fringe pattern can be seen on both 













Fig. 6-5 Example of the growth rate measurement (1). The brightness of the 
yellow line is recorded for every second, and the spatiotemporal image is 













Fig. 6-6 Example of the growth rate measurement (2). Since the distance of 
the dark lines of the fringes are given by /2n=198.51 nm, if the distance of 
two dark lines is measured, tanα of the hillock can be calculate so that we 















Fig. 6-7 How to calculate the surface concentration of the lysozyme crystal 
from fringe shift (1). We measured a profile of the brightness which crosses 
normal to the interference fringes of bulk. Using by the ten interferograms 
for every second, and we produced the average image. The effect of vibration 










Fig. 6-8 How to calculate the surface concentration of the lysozyme crystal 
from fringe shift (2). We measured the ratio h (=h1/h2) of h1/h2, where h1 is 
the distance of fringe shift at the surface and h2 is the fringe interval in the 
bulk so that we can calculate the refractive index change Δn by the formula 
Δn=h/d. We can get the surface concentration value from the plot of the 










Fig. 6-9 Distribution of surface supersaturation. Horizontal axis is the width 
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ŕǞȮ2ØëƋ-ƸD4ǄŕǞȮ2Ąćĳ3¦'DCɁFig. 6-13 (a) 2@
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Ȕ2Ȯķȟȋğ Rn(c)Ǆŕƶ2ķȟȋğ Rn(e)1Č, Rn(c)<Rn(e)Ⱦƾ 2 ©ȿ.
0*,C2-2::ķȟ!C.Ǆŕ2ǞȮĥĵ3ǇĽ-"Ǆŕƶ°²
ƞ1ķȟɀǄŕ3ȹŕË!CɁ 






















































Fig. 6-10 Bulk supersaturation dependence on the normal growth rate. The 













Fig. 6-11 Interferograms of the concentration field around the lysozyme 
crystal for bulk supersaturation σ=1.36 and corresponding (110) surface. 
Surface concentration is measured by the interference fringe shift in 
alignment with red solid lines and the growth rate is measured on the hillock 












Fig. 6-12 The topography plot of crystal surface, the distribution of the 











Fig. 6-13 The relationship between the normal growth rate and the stability 
of the crystal surface form. (a)Even if a crystal surface is distorted, the 
growing crystal surface can be stable when the normal growth rate Rn1=Rn2. 












Fig. 6-14 Normal growth rate distribution on the ground data. Since 
Rn(c)<Rn(e) (twice), the surface of growing crystal can be unstable, i.e., the 









Fig. 6-15 Normal growth rate distribution under micro gravity condition. 
Since Rn(c)Rn(e), the surface of growing crystal can be stable, i.e., the facet 












Fig. 6-16 The difference in the growth mechanism of a crystal surface 
between gravity and microgravity. The upward flow due to the convection 
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Fig. 7-1 Crystal growth chamber which generates a compulsive flow (Edit 












Fig. 7-2 Principle of the computer tomography. The figure is edited from 
Suhara et al.(1999). The Fourier transformed information of the 













Fig. 7-3 How to obtain the uniform temperature field. To give the reciprocal 
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